It is shown that a recently developed formulation of ALCHEMI, which takes into account the x-ray signal delocalisation effects, is not suitable for adaptation to the case of anti-site defect density determinations. However, the multivariate formulation of the method ALCHEMI is then applied to an Ni-Fe-Cr ordered alloy sample containing significant numbers of anti-site defects, and whose site distributions for all three elements were known in advance. In this way the importance of the presence of such defects is quantitatively determined for a real case. It is found that for this sample, the errors introduced are less than those arising from other sources, and it appears likely that in general the method can tolerate fairly high defect levels for compounds of host stoichiometry AxB where x i s 3 or higher.
Introduction
Atom Location by Channelling Enhanced Microanalysis (ALCHEMI) is a method for determining the distribution of an additional element on the host sites in a crystal. It uses standard energy dispersive x-ray (EDX) spectra acquired with different sample orientations, and hence different channelling conditions. Using the host signal changes with orientation as a reference for the change in electron intensity on a given type of site, the changes in the additional element's signal yield the distribution of that element on the host sites [1,2]. The method assumes that the host elements reside exclusively on their own sites, and so the presence of large numbers of anti-site defects could lead to inaccuracies. Previous attempts have been made to solve the problem but some require apriori knowledge of the distribution of at least one element ,eg. [3] and others can be applied only to layered structures eg. [4] .
Another problem with ALCHEMI is "delocalisation", ie. the large impact parameters associated with the excitation of low energy x-rays by fast electrons, since this tends to cancel the channelling effect, leading to difficulties in the case of materials containing light elements whose x-rays are of low energy. Recently multivariate formulations of the method have been developed which are less sensitive to this phenomenon [5, 6] , and it was thought that a similar treatment might be used to solve the anti-site defect problem. In this paper it is shown that the delocalisation formulation cannot in fact be adapted in this way, but that the potential problems arising from anti-site defects are in certain circumstances not very severe.
The multivariate formulation in the presence of anti-site defects
Consider a material with two host elements A and B (which in the perfectly ordered material reside on sites a and b respectively) and one added or impurity element, C (generalisations to more complex systems are straightforward). It is assumed that the stoichiometry of the sample (AfABbCfC with fA+fB+fC = 1) and the EDX k-factors for the elements concerned are known, although in fact the stoichiometry as measured by a
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19937342 standard EDX analysis using approximate k-factors will suffice -the errors in the 'k's cancelling those in the 'f s in the analysis. Let &A$ be the fraction of element A,B which is on its anti-site, and pa the fraction of element C which is on site type a -this is what we wish to find. Let Nx be the spectrum counts for element X, t the time of exposure, Nat the total no of atoms under the beam, 1 Y 1 2x the average fast electron intensity on sites of type x and Kx the x-ray counts per atom X per unit fast electron dose. The reduced signals Ix = Nx/fxKxtNat for the three elements present can then be written
Eliminating the 1 Y l2 we can write Following [6] this expression is rearranged to give Ic as a linear combination of IA and IB Note that X + Y = 1. Thus in principle if one plots Ic on the z axis against IA and IB on the x-and y-axes for a series of spectra acquired using a fixed dose on a fixed volume of sample but at different orientations, the data should lie in a plane with slopes X and Y on the x-and y-axes. Kc/KkB = ~C~A ,~.
the EDX kfactor for the two elements, so in practice the real signals could be used: Nc would be plotted against NAfA/fCkCA and NBfB/fCkcB. From eqnS.
(1) and (2) We Can write Making the assumption that the interstitial and vacancy densities are negligible (this applies to all ALCHEMI formulations) a further relation exists between the occupation factors, which may be written (4) and (5) appear to form a simple linear set which could be solved for &A, EB and pa, but in fact the determinant of the coefficient matrix is 1-X-Y = 0, and so no unique solution exists. The physical reason for this is that there is no way of distinguishing between say, (a) strong channelling on one site in a sample with a large anti-site defect density and a fairly uniform impurity distribution, and (b) weak channelling on one site in a sample with low defect density and a more site-dependent impurity distribution. Both may give the same relative changes in the host and impurity signal intensities. This difficulty could be overcome if the channelling condition could be known with certainty for each spectnun, but one of the main points of ALCHEMI is precisely the avoidance of the necessity of knowing such details. Similar arguments apply to the problem of using simple ALCHEMI to determine the order parameter in, for example, a binary a110 y .
In order to gauge in a real situation the magnitude of the errors introduced by the presence of anti-site defects, a multivariate ALCHEMI measurement was carried out on an ordered ternary alloy with the L12 structure, for which the distributions of the elements on the two distinct sites was already known from anomalous x-ray diffraction (AXD) experiments [7, 8] . The sample composition was ~i3Fe)o.964Cro.036 and its preparation is described in [7, 8] . The microscope samples were prepared from the sheet metal by electro-polishing. The microscope used was a JEOL 2000FX operating at 80kV, and the x-ray spectrometer was a Seph Be window model controlled by a Tracor computer. The sample was cooled to 105 K in a Gatan liquid nitrogen holder to increase the channelling effects. 25 spectra were acquired for 100s each from the same area of sample at various orientations around (11 1) within + So. Further experimental details were as in [6] . The analysis was then carried out following ref. [5] or [6] , ie. a least squares routine finds the best planefit coefficients when Nc is plotted against NA + NB assuming no antisite defects are present. Since Cr (Z = 24) is the lightest element present and the operating voltage was 80kV it was also assumed that delocalisation effects were negligible 191. Figure 1 shows a plot of the adjusted counts for Ni and Fe (ie, multiplied by the relevant fx/f~&-~~ and the coefficients found in the planefit) against those for Cr in each spectrum. It can be seen that the sum fits a straight line quite well (correlation coefficient = 0.98). Note also that the Fe signal changes relatively little, so that the gradient along the Fe axis in a 3-D plane-plot is relatively ill defined. Equations 3 and (4) show that when EA = EB = 0 the gradient on either axis can be used to yield pa, so we choose in this case to use that along the Ni axis, and the results are given in table 1. The uncorrected result is already in agreement within the limits of experimental error with that from [7] . However, it was known from [7] and [8] that in fact about 8% of the Ni (and incidentally about 27% of the Fe) is actually on its anti-site in this material. This means that the value of fNi used in determining the adjusted Ni counts could be replaced by a value 8% lower, leading to a coresponding increase in the gradient on that axis and consequently in pa. Since the Fe signal changes very little it can be assumed that the strength of channelling on the Fe type sites did not change very much, and so the Ni atoms on the Fe sites should contribute a relatively uniform background to the Ni signal. This should not greatly affect the analysis, which uses only gradients, ie. changes in signal. Thus an anti-site defect-corrected value for the Cr fraction on Ni sites is included in the table, and agrees a little more closely with the AXD result, but the errors arising from other experimental factors, mostly the statistics of the spectra in this case, are in any case B% .
Results and discussion
Of course the anti-site defect density is not normally known apriori and so this procedure cannot be used in general to improve ALCHEMI accuracy. It is included here only to show thatthe error introduced by the anti-site defects is quite likely to be only of the same order as that from the normal sources. Note that if the defect concentration were higher, say 16% of the Ni on Fe sites, this would imply that nearly half the Fe was not on its own site. In those circumstances the sample could hardly be considered ordered, and an ALCHEMI measurement would cease to have much meaning anyway. Diffraction methods should indicate when this is the case. This argument applies to all samples of host stoichiometry 3:l or higher, and so reasonably reliable ALCHEMI should prove possible if an axis can be found about which the signal of the majority element changes much more than that of the minority element, as was the case here.
When the perfect stoichiometry is AB or A2B there will be relations of the type in equation (5) between the defect concentration and the stoichiometry. It thus seems possible that iterative methods might be used to solve such cases, starting from the assumption that there are no anti-site defects, and converging on the real concentrations. This topic is currently under investigation.
Conclusions
Although the simple multivariate approach to ALCHEMI cannot be directly applied to the solution of the problem of anti-site defects, it seems that the errors caused by such defects are typically only of the same order as those arising from the usual statistical considerations, especially if the perfect host stoichiometry is of type AxB where X is 3 or greater. 
